A new type of glycolate-oxidizing enzyme was found in the prasinophycean alga Mesostigma viride. This enzyme was characterized as the glycolate oxidase that strongly requires FMN, thus distinguishing it from most other Prasinophytes that possess glycolate dehydrogenase instead.
In photorespiratory carbon metabolism responsible for reducing carbon loss and photo-oxidative damages, a glycolateoxidizing enzyme is known to play a key role (Kozaki and Takeba 1996) . Two glycolate-oxidizing enzymes, glycolate oxidase and glycolate dehydrogenase, are known to contribute to the metabolism of glycolate in photoautotrophs (Nelson and Tolbert 1970 , Frederick et al. 1973 and the distribution of the enzyme in various organisms is suggested to be closely related with the evolution of the green algae and plants. Higher plants and the green algae on the evolutional line towards higher plants are known to possess glycolate oxidase, which transfers electrons to molecular O 2 to form H 2 O 2 , oxidizes L-lactate but not Dlactate, and is insensitive to cyanide. The charophycean alga belongs to this line (Frederick et al. 1973 ) and is also characterized by the disappearance of the nuclear envelope during cell division and by development of MLS roots in the flagella system (Melkonian et al. 1995) . On the other hand, the chlorophycean and ulvophycean algae, which belong to another evolutional line of the green algae, possess glycolate dehydrogenase, which does not utilize molecular O 2 as substrate, oxidizes D-lactate but not L-lactate, and is inhibited by cyanide. These organisms are also characterized by the nuclear envelope-bearing cell division and the development of cruciate roots in the flagella system (Melkonian et al. 1995) . It has been reported that the prasinophycean algae, which are the most primitive eukaryotic green algae, also possess glycolate dehydrogenase (Suzuki et al. 1991) , although such structural taxonomic markers as MLS roots are absent (Floyd and Salisbury 1977, Melkonian 1989) .
Recently, the prasinophycean alga Mesostigma viride was strongly suggested to be on the evolutional line towards higher plants based on the ultrastructure of its flagellar apparatus (Melkonian 1989 ) and the phylogeny of the 18S rDNA (Bhattacharya and Medlin 1998) . From these results, M. viride is believed to be the most primitive ancestor of higher plants that still retains their ancestral characteristics. From this point of view, further characterization of M. viride would be of great significance in resolving the enigma how the plants could have emerged from water and acquired a defense mechanism against the high oxygen-concentration under atmospheric conditions. Under such atmospheric conditions, photorespiration should be a very important function. Therefore, to clarify the evolutional and functional aspects of the glycolate metabolism, we here focused on the characterization of the glycolate-oxidizing enzyme in a unique prasinophycean alga, M. viride. Our results showed that this alga developed the enzyme distinct from those of the other Prasinophytes.
M. viride Lauterborn strain NIES296, obtained from the algal collection of the National Institute for Environmental Studies (NIES), Tsukuba, Japan, was axenically grown under cool-white fluorescent lamps at light-intensity of about 90 mmol photons m -2 s -1 at 18-20°C in a C medium (Ichimura 1971) . After harvesting cells by centrifugation at 4,000´g for 15 min at 15°C, cells were washed once and then suspended in ice-cold 100 mM sodium pyrophosphate buffer (pH 8.3) containing 1 mM PMSF and 0.1% Triton X-100. After disrupting cells by sonication for about 3 min on ice and centrifuging the homogenate at 21,000´g for 20 min at 0°C, the resultant supernatant was used for the enzyme assay. For the determination of the electron-acceptor specificity and the affinity for substrate, the eluted fraction from a Sephadex G-25 M column (PD-10; Amaciam Pharmacia Biotech, Upsala, Sweden) equilibrated 100 mM sodium pyrophosphate buffer (pH 8.3) was assayed as the crude extract.
The glycolate-oxidizing activity was determined in the presence and absence of 0.1 mM FMN or FAD by four kinds of assay systems according to our previous report (Iwamoto et al. 1996) . Activities were determined using the following sys-tems: in system 1, the anaerobic reduction of DCPIP was determined spectrophotometrically at 600 nm (Nelson and Tolbert 1970) ; in system 2, the formation of glyoxylate phenylhydrazone was monitored at 324 nm (Nelson and Tolbert 1970) ; in system 3, the glycolate-dependent O 2 uptake was determined polarographically with a Rank Brothers O 2 electrode (Suzuki et al. 1991) ; and in system 4, the production of H 2 O 2 was determined quantitatively (Allain et al. 1974) . The reaction was initiated by the addition of 10 mM glycolate or other substrates. All assays were performed at 25°C. Electron acceptors other than DCPIP and O 2 were assayed in an anaerobic Thunberg cuvette by replacing DCPIP with freshly prepared 1 mM K 3 Fe(CN) 6 (measured at 410 nm), 0.32 mM NAD or NADP (at 340 nm), 0.16 mM methylene blue (at 668 nm) or 0.8 mg of cytochrome c (at 550 nm). Chlorophyll concentrations were determined after extraction with 90% ethanol (Lichtenthaler 1987) .
For the purification and the determination of molecular mass of glycolate-oxidizing enzyme, the crude extract was applied to a Superdex 200 HR 10/30 gel-filtration column and then developed by 100 mM Tris-HCl buffer (pH 8.3) containing 10 mM sodium glycolate at a rate of 0.5 ml min -1 with an FPLC system (Amaciam Pharmacia Biotech, Upsala, Sweden). The activity of glycolate-oxidizing enzyme in collected fractions (0.5 ml each) was assayed by the reduction of DCPIP.
The glycolate-oxidizing activities in the crude extract of the prasinophycean alga M. viride were determined in the presence and absence of FMN by four assay methods, as described above (Table 1) . A high glycolate-oxidizing activity was detected only in the presence of FMN. In the absence of FMN, the activity decreased to less than 10% of that with FMN. This strong requirement of FMN has not been reported previously in other plants and algae. The high activities of the glycolate-dependent formation of H 2 O 2 and of the glyoxylate synthesis accompanied by consumption of O 2 reveal that this enzyme is glycolate oxidase rather than glycolate dehydrogenase. These results indicate that M. viride is a unique organism possessing FMN-requiring glycolate oxidase, unlike other prasinophycean algae which possess glycolate dehydrogenase. Assays in vitro have demonstrated that glycolate oxidase and glycolate dehydrogenase generally do not require FMN (Behrends et al. 1982 , Bullock et al. 1979 , Codd and Schmid 1972 , Corbett and Wright 1971 , Devi et al. 1996 , Frederick et al. 1973 , Nishimura et al. 1983 , Nelson and Tolbert 1970 , Stabenau 1974 , Tolbert 1976 , Walton 1982 , Winkler et al. 1982 , although Zelitch and Ochoa (1953) reported that FMN was required for the stabilization of highly purified glycolate oxidase of spinach.
The affinity for FMN of the enzyme activity in the crude extract was 6 mM (Fig. 1) . Table 2 indicates that FMN is the most effective electron acceptor for the enzyme, followed by FAD, DCPIP and molecular oxygen. Other reagents such as ferricyanide, pyridine nucleotides, methylene blue nor cytochrome c could not accept the electrons from glycolate (data not shown). In addition to its substrate specificity for glycolate, glycolate oxidase is known to have a broad substrate specificity to a-hydroxy acids and L-lactate, but not to b-hydroxy (Emes and Erismann 1984 , Gross 1990 , Iwamoto et al. 1996 . Therefore, the substrate specificity was also tested in this study to characterize the enzyme of M. viride. The enzyme had a broad specificity for a-hydroxy acids, though the activity was different among them, and it did not oxidize D-lactate, homoserine, and b-hydroxybutylate at all (Table 3) . The apparent K m -value was 300 mM for glycolate ( Fig. 1 ) and 9.3 mM for L-lactate (data not shown). The K m -value for glycolate was also similar to those of the Pisum sativum (250 mM, Kerr and Groves 1975) and in spinach enzymes (380 mM, Zelitch and Ochoa 1953) . The value for L-lactate was, however, several times higher than those of the spinach (Zelitch and Ochoa 1953) or Lemna minor enzymes (Emes and Erismann 1984) . The pH-optimum of the enzyme activity in the M. viride enzyme was 9.0 for glycolate and 8.5 for L-lactate. Over 80% of the maximum activity was maintained from pH 8.3 to 9.5 for glycolate and from 8.0 to 9.0 for L-lactate (data not shown). These response patterns were similar to those of the enzymes of higher plants (Zelitch and Ochoa 1953) and the brown alga Spatoglossum pacificum (Iwamoto et al. 1996) . The enzyme activity was inhibited by reagents forming a complex with ferrous ions, such as bipyridine, o-phenanthroline and 8-hydroxyquinoline (Nelson and Tolbert 1970) , and also by inhibitors of the flavin enzyme, such as rotenone and PHMS (Fig. 2) . The I 50 -values were very low, particularly with 8-hydroxyquinoline. On the other hand, the enzyme was insensitive to sulfhydryl reagents, such as N-ethylmaleimide and p-CMB, at the concentrations used. No or only slight inhibition of this enzyme was observed with EDTA as a chelating reagent for the metal ions, CuSO 4 , cyanide and azide, even at very high concentrations. These results demonstrate that flavin and iron made a contribution to the enzyme activity, but heme or sulfhydryl group did not. These characteristics are different from those of other glycolate oxidase, since glycolate oxidase from higher plants was not inhibited by 8-hydroxyquinoline or ophenanthroline (Nelson and Tolbert 1970) . The glycolate oxidase in M. viride was partially purified by gel-filtration with an FPLC system, as described above. The molecular mass of the native form of the enzyme was estimated as 150 kDa (data not shown). The molecular masses of the glycolate oxidase from several higher plants have been estimated to range between 140 kDa and 700 kDa (Emes and Erismann 1984 , Frigerio and Harbury 1958 , Zelitch and Ochoa 1953 , Behrends et al. 1982 , Nishimura et al. 1983 , with the exception in P. sativum which has two isozymes of 48 and 88 kDa (Kerr and Groves 1975) . In algae, the enzyme in S. pacificum (Iwamoto et al. 1996) was shown to have a molecular mass of 230 kDa. Except for S. pacificum, there is no report on the molecular mass of algal glycolate oxidase. In the present study, the isoelectric point of the native enzyme was estimated to be 7.6 (data not shown).
This value is about two-pH units lower than that reported for the enzyme of the other algae and higher plants. However, because the obtained enzyme was very unstable, further purification and characterization will be possible after establishing methods for stabilizing the enzyme.
In conclusion, although glycolate dehydrogenase has previously been demonstrated as the glycolate-oxidizing enzyme in Prasinophyceae (Floyd and Salisbury 1977, Suzuki et al. 1991) , the present study proved that the glycolate-oxidizing enzyme in M. viride is an exceptional glycolate oxidase requiring FMN. It has been assumed that glycolate oxidase appeared more recently in green algae with accompanying raise of atmospheric O 2 concentration, since glycolate dehydorogenase, but not glycolate oxidase, has been detected in the prasinophycean algae which possess ancestral characterizations of green algae (Tolbert 1974) . The occurrence of glycolate oxidase in this primitive green-colored alga, M. viride, implies the polyphyletic origin of glycolate-oxidizing enzymes in higher plants and algae. The report that glycolate oxidase from higher plants and brown alga have similar properties and appear to share the same origin (Iwamoto et al. 1996) supports this idea.
